Role of glomerular mechanical strain in the pathogenesis of diabetic nephropathy  by Cortes, Pedro et al.
Kidney International, Vol. 51(1997), pp. 57—68
Role of glomerular mechanical strain in the pathogenesis of
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Role of glomerular mechanical strain in the pathogenesis of diabetic
uephropathy. Glomerular rigidity limits the glomerular expansion and
mesangial cell (MC) stretch induced by variations in intracapillary pres-
sure. In tissue culture, MC stretch stimulates synthesis of extracellular
matrix components (ECM). Therefore, altered glomerular rigidity in
diabetes may infiuencc ECM accumulation by modulating the glomerular
distention and MC stretch associated with glomerular hypertension. An
ambient of high glucose concentration per Se also enhances MC formation
of ECM, possibly altering the ccllular response to mechanical stretch. In
this study, compliancc was measured in isolated perfused glomeruli from
streptozotocin-injected rats at four days (4d-D), five weeks (5w-D) and six
months (6m-D) after induction of diabetes. In addition, collagen metab-
olism induced by stretch was investigated in MC cultured in 8 and 35 msi
glucose concentrations. Glomerular compliance was normal in 5w-D rats
and moderately increased in 4d-D (16%) and 6m-D animals (14%). As
compared to static cultures, MC stretch increased total collagen synthesis
(8 m, 50%; 35 mi, 27%) and catabolism. However, while the fraction of
newly formed collagen being catabolized increased in 8 mM-stretched
cultures, in 35 mM-stretched it was unchanged. This resulted in marked
increase in the net collagen accumulated in the incubation medium (4 vs.
24%) and cell layer (5 vs. 15%) only in the latter. In diabetes, the largely
unaltered glomerular stiffness renders hypertension-induced MC stretch
unopposed. More importantly, the accumulation of ECM caused by any
degree of mechanical strain is greatly aggravated in a milieu of high
glucose concentration.
The glomerular injury of diabetes is characterized by basement
membrane thickening and early and progressive expansion of the
mesangial areas due to the deposition of extracellular matrix
material [1, 2]. The glomerulopathy results from the complex
interplay of pathologic forces which range from hemodynamic to
the prolonged exposure to high glucose concentration. The patho-
genetic importance of the glomerular hemodynamic changes has
been strengthened by the demonstration that the glomerulopathy
is ameliorated by normalizing glomerular capillary pressure [3—5].
It has been unclear, however, how these abnormal hernodynamics,
that is, glomerular hypertension and hyperfiltration, translate into
metabolic events that trigger the deposition of extracellular
matrix. Glomeruli are highly compliant structures capable of
significant volume change ev vivo and in situ [6, 7]. This observa-
tion suggests that a pressure-induced glomerular expansion, with
stretching of mesangial cells stimulates the production and accu-
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mulation of extracellular matrix in the mesangial region [6]. In
support of this postulate is the known capacity of mechanical
strain to induce metabolic changes in mesangial cells in culture.
Cultured mesangial cells subjected to repetitive cycles of stretch!
relaxation demonstrate enhanced collagen synthesis and excessive
accumulation of extraccilular matrix components in the culture
medium [6, 8, 91.
Studies in isolated perfused glomeruli, derived from the rem-
nant kidney of subtotally nephrectomized rats, reveal excessive
compliance during the early stages of sclerosis [10]. This alteration
resulted from both marked hypertrophy and from changes in the
elastic properties of the glomerular structure. The obvious con-
sequence of this increased compliance is that, at any given level of
intraglomerular pressure, remnant glomeruli will expand more
than normal ones, thus subjecting mesangial cells to greater
degrees of mechanical strain. This alteration in glomerular me-
chanics is likely to induce the metabolic changes responsible for
the mesangial accumulation of extracellular matrix. Diabetes
mellitus may induce glomerular changes similar to those seen in
the remnant kidney. Glomerular hypertrophy has been well
documented, biochemically and morphologically, in human and
experimental insulin-deficient diabetes, and its magnitude has
been directly related to the development and intensity of glomer-
ulosclerosis [11—141. However, due to non-enzymatic glycation
and the formation of advanced glycosylation end products, the
biomechanical properties of collagen are significantly altered in
diabetes. These alterations impart increased maximal stiffness and
decreased compliance to nonrenal structures rich in collagen
(such as tendon and arterial wall) [15, 16]. If similar changes also
occur in the glomerulus, decreased glomerular expansion due to
increased rigidity may be present at any level of intraglomerular
pressure. If true, this would minimize the cellular mechanical
strain resulting from abnormal hemodynamics. Finally, in diabe-
tes, the metabolic response to any degree of mesangial cell
mechanical strain may be modified by the hyperglycemic environ-
ment. The stimulatory effects of high extracellular glucose con-
centrations on the formation of extracellular matrix molecules are
well documented in rat mesangial cells in tissue culture [17—19].
This effect remains evident in long-term cultures and is indepen-
dent of the hyperosmolality associated with high glucose concen-
tration [20, 21].
In this study, the biomechanical properties of glomeruli after
short- and long-term diabetes were characterized, as was collagen
metabolism in cultured mesangial cells subjected to stretch under
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conditions of high and normal extracellular glucose concentra-
tions. The findings contribute to the understanding of the inter-
play of mechanical forces and metabolic alterations as pathoge-
netic factors in the development of diabetic glomerulosclerosis.
Methods
Materials
Tissue culture medium and glomerular perfusion solutions were
composed of a specially formulated RPMI-1640 (formulation
93-5044EA) obtained from Gibco BRL (Grand island, NY,
USA). This modified RPM! 1640 lacked glucose, proline and
glutamine and was buffered with 25 mvi Hepes. For glomerular
perfusions the following was added: 5 mtvi D-glucose, 2 m
L-glutamine, 0.17 mrvi proline, 10 mg/mI BSA, 100 U/mi penicillin,
100 jg/ml streptomycin, 20 jLM sodium orotate and 1% of ITS+
Premix® (Collaborative Biomedical Products, Oak Park, Bedford,
MA, USA) (providing per ml, 625 jg selenious acid, 5.35 .tg
linoleic acid, 6.25 g insulin). In addition, 2 mM glycine, 0.5 mM
reduced glutathione, I mvi sodium pyruvate and 50 M adenine
were also added to protect renal tissue from anoxic injury. As a
growth medium for the tissue culture experiments, 8 mM D-
glucose and 20% NuSerum (Collaborative Research, Bedford,
MA, USA) were added to the specially formulated RPMI, in
addition to proline and glutamine in the same concentrations as
for glomerular perfusions. Proline L-[14C (U)] (286 mCi/mmol),
proline L-[2, 3, 4, 5,-H] (112 Ci/mmol) and hydroxyproline
L-4-[3H (G)] (5.5 Ci/mmol), were from New England Nuclear
Research Products (DuPont Co., Wilmington, DE, USA). The
purity of the radioisotopic internal standards used in the quanti-
tation of proline and hydroxyproline was established by chromato-
graphic analysis. Additives to tissue culture media were cell
culture-tested quality (Sigma Chemical Co., St. Louis, MO, USA).
High purity collagenase VII (Sigma Chemical Co.) was used in the
protein-digestion assays. The columns used for HPLC were 4.6
mm )< 25 cm Ultrasphere ODS, 5 tm particle size (Beckman
Instruments Inc., San Ramon, CA, USA).
Animals and isolation of glomeruli
Male Munich-Wistar rats (WM/Sim strain: Simonsen Labora-
tories Inc., Gilroy, CA, USA) weighing 219 46 (mean SD)
were used in all experiments. We used this strain because an
increase in glomerular intracapillary pressure and the
subsequent development of mesangial expansion have been ex-
tensively documented in these rats after subtotal nephrectomy
and streptozotocin-induced diabetes. Rats in each experimental
and corresponding control groups were matched so that their age
at the time of study was similar. Insulin-deficient diabetes was
induced by the intravenous administration of 50 mg/kg streptozo-
tocin, dissolved in 0.15 M sodium chloride acidified with citrate
buffer to pH 4.0, via the left femoral vein. Diabetic animals
received a daily subcutaneous dose of 2 to 8 U of NPH-insulin to
maintain blood glucose between 300 and 400 mg/dl. Experimental
protocols were in compliance with the NIH Guide for the Care
and Use of Laboratory Animals and had been approved by the
Institutional Care of Experimental Animals Committee.
In all experiments, rats were anesthetized with ether/02 mixture
and perfusion of the kidneys in situ was carried out for two
minutes at a pressure similar to the animal's mean arterial
pressure and using perfusate at 4°C. The solution used in this
kidney perfusion, and in the glomerular studies described below,
was previously filtered through a 0.22 jm pore size filter, equili-
brated for 30 minutes in a hollow fiber oxygenator (Cell-Pharm®;
CD Medical, Inc. Miami Lakes, FL, USA) with 5% C02/95% 02
at 37°C, and its pH adjusted to 7.40. At the end of the kidney
perfusion period, 4 ml of 60 to 70 mg/ml dye-complexed BSA
(Coomassie blue and Evans blue) dissolved in the same perfusate
solution was infused to identify well perfused glomeruli and to
facilitate arteriolar visualization during tissue dissection. To min-
imize glomerular size heterogeneity [22], only outer cortical
glomeruli were studied. Glomeruli with intact afferent arterioles
were dissected from cortical tissue slices at 4°C, To insure that
glomeruli of uniform viability were studied, experiments were
aborted if the period between removal of the kidney and initiation
of glomerular perfusion and incubation at 37°C exceeded 90
minutes; thus, only one glomerulus was studied from each rat.
Short-term diabetes experiments were carried out at 3 to 5 days
(4-day diabetic group, 4d-D) and 4 to 6 weeks (5-week diabetic
group, 5w-D) after induction of the disease, while long-term
diabetes experiments were done at 24 to 27 weeks after strepto-
zotocin injection (6-month diabetic group, 6m-D). Blood glucose
was measured weekly and monthly in short- and long-term
diabetic groups, respectively. One to three days before the end of
the long-term diabetes experiments, systolic blood pressure was
measured in randomly selected animals by the tail-cuff method
and a 24-hour urine collection was obtained for the measurement
of protein and creatinine excretion.
Glomerular peijusion
Glomerular perfusion was carried out using methods identical
to those previously described in detail [10]. After transferring the
dissected glomerulus to a temperature-regulated observation/
incubation chamber mounted on an inverted microscope (Dia-
phot; Nikon Inc., Garden City, NY, USA), the afferent arteriole
was drawn into a holding pipette and cannulated with a matching
perfusion pipette while temperature was maintained at 4°C.
Following this, a 2 jm outer diameter pipette was placed at a
point close to the mesangial region for the direct measurement of
hydrostatic pressure by the Landis technique 23] using a 70
mg/mI solution of FD & C green in phosphate-buffered saline and
a pneumatic transducer tester (Model DPM-IB; Bio-Tek Instru-
ments Inc., Winooski, VT, USA). After raising the chamber's
temperature to 37°C, glomerular perfusion at low pressure (less
than 30 mm Hg intraglomerular pressure) was carried out during
an 8- to 10-minute stabilization period before obtaining any
glomerular volume (V0) measurements.
Glomeruli were examined with a high resolution 3-CCD video
camera (Sony DXC-750; Sony Corp. of America, Park Ridge, NJ,
USA) with continuous recording of the images. These images
were quantitatively evaluated using an image analysis system
(Image-i; Universal Imaging Co., West Chester, PA, USA). At
each perfusion pressure, the image corresponding to the focusing
plane that provided the largest glomerular perimeter was en-
hanced by background subtraction and edge sharpening, and used
for quantitative analysis. A computer-assisted best fit of the ellipse
encompassing the glomerular perimeter was used for volume
estimation. The mean of three separate measurements, carried
out in the same image, was used as the final value.
To assess glomerular distensibility, glomerular volume (VG)
was first measured at zero pressure (V00), and then again at 6 to
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10 different intraglomerular pressures ranging between 0 and 100
mm Hg. Variations in pressure were obtained by the stepwise
increase in perfusate flow. Measurements were then repeated as
pressure was reduced in a similar stepwise fashion. Finally, at the
completion of the perfusion, V00 was measured again. This initial
perfusion (control perfusate) was followed by a second perfusion
in which 0.1 LM atrial natriuretic peptide (ANP) (atriopeptin II;
Peninsula Laboratories, Inc., Belmont, CA, USA) was added to
the glomerular perfusate to induce sustained mesangial cell
relaxation [24, 25]. Glomeruli were initially perfused for three
minutes at low pressure with this solution and then pressure
reduced to zero. After a stable VGO was documented, perfusion
was restarted and VG measurements obtained at different pres-
sures as before.
The time required for all measurements in each glomerulus was
limited to 40 to 50 minutes and the total experimental time
elapsing from sacrifice of the rat to the end of glomerular
perfusion was less than 200 minutes in all studies. All the
glomeruli studied were tested for structural integrity and the
accuracy of the measurements corroborated. Comparison of the
areas under the pressure-volume curves during the ascending and
descending pressure phases of each study served to evaluate
hysteresis. Glomeruli demonstrating a difference of or greater
than 12% between these two areas were excluded from the
analyses. The mean hysteresis observed was 2.6 2.4% (SD). The
final measurement of V0) served to identify whether the glomer-
ulus had returned to the same initial basal volume (before any
perfusions were carried out), thereby determining if an irrevers-
ible deformation, resulting from structural damage during perfu-
sion, had occurred. Final V00 was only 2.0 4.7% greater than
the initial VGO.
Intraglomerular pressure and expression of biomechanical results
Because the tip of the pressure-sensing pipette was positioned
into the distal end of the afferent arteriole the measurements
obtained were assumed to represent proximal intraglomerular
pressures (PIP). The efferent arteriole was cut as it emerged from
the glomerulus, and thus, the distal glomerular pressure was
considered to be zero. In addition, since pressure is absent outside
of the capillary bed in these isolated glomeruli, P0 equals
transcapillary hydrostatic pressure difference (zP). Previous stud-
ies of glomerular biomechanics, in which compliance was assessed
in isolated perfused glomeruli with afferent and efferent arteriole
cannulation for the measurement of transglomerular pressure
drop, determined that PIP 1.52 X P [10]. Reported values for
the mean zP in streptozotocin-induced diabetic rats have varied
between 37 and 52 mm Hg [5, 261. Therefore, these transcapillary
pressures should correspond to PIPs of 56 and 79 mm Hg,
respectively.
The biomechanical characteristics of glomerular distention
were defined according to the mean increase in V0 and compli-
ance. Mean V0 expansion was calculated according to the area
under the curve (2-degree polynomial) defining (V0 — V00)/PIP
over the 0 to 100 mm Hg range of PIPs (VG(o_,00)). Compliance
was calculated as the slope of the linear relationship between the
increase in volume (V0 — V00) and the corresponding perfusion
pressure, expressed as cubic micrometers per millimeter of Hg
[10].
Tissue culture
Mesangial cells were obtained from our cloned line (16KC2)
derived from outgrowths of Fisher rat glomeruli that were previ-
ously characterized [27—29]. In brief, these cells demonstrate a
fusiform or stellate appearance, intracellular fibrils, an ability to
grow in medium containing d-valine, growth inhibition when
cultured in the presence of heparin or mitomycin, a marked
increase in guanosine 5'-cyclic monophosphate content upon
exposure to atrial natriuretic peptide, and the presence of dense
cytoplasmic immunochemical staining for collagen types I and IV,
fibronectin, laminin and thrombospondin. In addition, these cells
express the Thy-i antigen and form "cell hillocks" containing
dense extracellular matrix in post-confluent cultures.
Seven days before the end of the experiments, mesangial cells
were seeded (5 >< iO cells/25 mm diameter well) into six-well
plates with flexible elastin-coated bottoms (Flex I plates; Flexer-
cell, McKeesport, PA, USA) and cultured in 1 mI/well of growth
medium. After 48 hours in culture, the medium was changed to a
proline-free pre-radiolabeling medium (see below) and plates
were subjected to cyclic stretching (experimental group) or main-
tained in a static environment under identical conditions (control
group). Stretch was mediated by controlled cycles of vacuum,
applied to the underside of the flexible-bottom culture well, using
a computer-assisted system (Flexercell Strain Unit, Flexercell).
This system provides precisely timed, negative pressure cycles of
controlled magnitude, deforming the bottom of the culture well
and stretching the cells attached to its surface. All experiments
were carried out using alternating cycles of 10 seconds of stretch
and 10 seconds of relaxation, that is, at a rate of 3 cycles/mm.
Vacuum intensity was set to provide maximum elongation of 25%
(outer annulus), equivalent to an average elongation of about
12% over the entire culture plate surface [28].
Study of collagen metabolism
Methods previously described in detail were used [6, 29]. To
test the effects of high glucose, its concentration was increased to
35 mM in the growth medium 6 or 14 days before the completion
of the experiments. At the time of separating the culture plates
into the flexed and static groups, that is, 24 hours before the start
of the radiolabeling period, proline was removed from the growth
medium (except for that contained in Nu-Serum, which resulted
in a final proline concentration of 40 .LM). Radiolabeling was
carried out by incubation for 72 hours in an identical medium, but
containing 0.15 mM f3-aminopropionitrile, 210 jiM ascorbic acid
and 183 mM [14C]-proline (82.3 mCi!mmol). Our previous exper-
iments demonstrated that [14C]-proline incorporation into colla-
gen increases linearly over this 72-hour period of radiolabeling
[6]. All tissue culture wells were supplemented every 24 hours to
provide 140 jiM fresh ascorbic acid. At the termination of the
radiolabeling period, the medium was rapidly aspirated, the plate
placed on ice and 0.75 ml of cold 0.2 N perchloric acid poured onto
the cell layer in each well. The media and cell layers of 6 wells
were pooled as one sample for analysis. Total protein contained in
the medium samples was precipitated in 75% ethanol at —5°C.
Following the addition of 89 jiCi [3H]-proline as internal stan-
dard, medium supernatants were filtered in Centricon°-3 filters
(Amicon Co., Danvers, MA, USA) and amino acids were sepa-
rated by solid phase extraction using AG5OW-X8 (H) columns
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(Poly-Prep®; Bio Rad Laboratories, Richmond, CA, USA). Puri-
fied amino acids were resuspended in 0.1 N HC1 for the subse-
quent determination of [14C1-hydroxyproline, [14C1-proline, total
proline, and calculation of proline specific radioactivity.
Net collagen accumulation in the medium was estimated by two
independent methods. In the first of these, the measurement of
collagen was derived from the incorporation of '4C into protein-
associated hydroxyproline. The medium protein precipitate was
hydrolyzed in 6 N HC1 at 110°C and amino acids separated as
above by solid phase extraction after the addition of 3.32 /.LCi
[3H]-hydroxyproline as an internal standard. These purified amino
acids were subsequently analyzed for measurement of 14C incor-
poration into proline and hydroxyproline. The second method was
based on the amount of total 14C incorporated into collagenase-
digestible protein [30]. In this, following completion of the
radiolabeling period, 1 ml of medium was mixed with 330 1d of a
proteinase inhibitor solution (providing per milliliter: 3 mol
PMSF, 0.1 mmol EDTA, 40 tmol N-ethylmaleimide) and protein
was precipitated with ice-cold 10% TCA. This precipitate was
then resuspended in 1 N NaOH, incubated for 10 minutes at 37°C,
and the solution neutralized. After adjusting the pH to 7.5 with 1
N Tris buffer solution, PMSF and N-ethylmaleimide were added in
the same amounts as before, and CaCl2 added to provide a final
5 mM solution. For enzymatic digestion, the sample was divided
into two equal portions and 140 U/mI of collagenase added to one
of them, while the other was used as a control. After incubation
for two hours at 37°C, the undigested protein was removed by
precipitation with 10% TCA and 0.5% tannic acid. Finally, the 14C
radioactivity in the supernatants and protein precipitate was
measured and the radiolabel incorporation into collagenase-
digestible and collagenase-resistant protein determined from the
difference between the treated and non-treated samples.
Cell layers were scraped, briefly homogenized in the cold in 0.2
N perchloric acid and the precipitates separated by centrifugation.
This precipitate was lipid-extracted and consecutively subjected to
alkaline and acid hydrolysis for the measurement of total RNA,
DNA and the separation of protein [31]. The final protein
precipitate was hydrolyzed as described above, [3H]-hydroxypro-
line internal standard added, and amino acids purified and
separated for the quantitation of '4C incorporation into proline
and hydroxyproline.
Amino acids were analyzed as their precolumn-dansylated
derivatives by reverse phase HPLC as previously described [6].
With this method, 3-hydroxyproline and 4-hydroxyproline coelute
in a single peak. In brief, derivatization was carried out at room
temperature at pH 9.0 in a 3.5/1 molar ratio of 5-dimethylami-
nonaphthalene-1-sulfonyl (dansyl) chloride/amino acids for 20
hours. Analyses were performed using a linear gradient formed by
0.05 M monosodium phosphate/acetic acid buffer, pH 7.0, as the
initial eluant and acetonitrile as the final eluant. Sample size was
46 and 355 nmol of amino acid residues for analysis of samples
from medium supernatants and protein precipitates, respectively.
The column effluent was monitored for fluorescence (Spectroflow
980 fluorescence detector; Applied Biosystems, Ramsey, NJ,
USA) at 350 nm excitation and 470 nm emission wavelengths, and
0.3 ml fractions collected for measurement of 3H and 4C content.
The recovery of the [3HJ-labeled proline and hydroxyproline was
43 to 77% and 70 to 96%, respectively.
Chemical measurements
RNA was measured by the orcinol reaction for quantitation of
its ribose content. With this method I tg of yeast RNA (Type I;
Sigma Chemical Co.) is equivalent to 0.6 jtg of ribose [32]. DNA
was measured by its ultraviolet absorption by a 2 wavelength ratio
method [33] using calf-thymus DNA (Type I; Sigma Chemical
Co.) as reference standard. Total amino acids were quantified by
a modified ninhydrin method [3I using L-leucine as the standard.
Urinary protein and creatinine were measured according to the
Commassie Blue method of Bradford and a modified picrate
colorimetric method (Synchron® CX3; Beckman Instruments
Inc., Brear, CA, USA), respectively. Blood glucose was quantified
by a colorimetric method based on the glucose oxidase-peroxidase
reaction (glucose procedure no. 510 kit; Sigma Diagnostics).
Expression of the metabolic results
Radiolabelled incorporation results, adjusted for internal stan-
dard recovery, were corrected for the specific radioactivity of the
medium's proline at the end of the incubation period and
expressed as nmol proline incorporated per milligram DNA.
Collagen accumulation in the culture medium and cell layer was
expressed as the proline incorporated into protein-associated
hydroxyproline. Collagen catabolism was calculated as the amount
of proline incorporated into newly formed free hydroxyproline in
the medium. Total collagen synthesis was the sum of the amounts
of proline incorporated into all forms of hydroxyproline (medium
free hydroxyproline and medium and cell layer protein-associated
hydroxyproline). Collagen accumulation, as a percent of total
protein formed was determined as previously proposed [35]
according to the proline incorporation and the formula: 100 X
[7 x incorporation into protein-hydroxyproline]/[(incorporation
into protein-proline incorporation into protein-hydroxyproline)
x 20) + (7 x incorporation into protein-hydroxyproline)].
Statistical analyses
Results were expressed as mean SE. Differences between two
groups were evaluated using Student's t-test for non-paired sam-
pies and the distribution of t in a two-tailed test. Multiple
comparisons between several groups were first analyzed by anal-
ysis of variance (AN OVA), and if a significant difference between
groups was observed, a Fisher's protected least significance test
was applied. When each glomerulus served as its own control,
significance was obtained by paired-t-test. Linear regression anal-
ysis was carried out using the StatView® 4.0 software (Abacus
Concepts, Inc., Berkeley, CA, USA). The normalization of V0
increase and compliance values as a percent change over V0, and
the correlation analyses between compliance and V00 results were
always confirmed by analysis of covariance (ANCOVA). In this
analysis, to remove significant effects of widely different levels of
V00, data were examined using a test (Super Anova software;
Abacus Concepts, Inc.) in which V00 was added as a regressor
affecting the dependent variable. Significance was set at the 5%
level.
Results
Characteristics of the experimental groups
All streptozotocin-injected animals received suboptimal insulin
treatment as demonstrated by a threefold increase in blood
glucose concentration in all groups, as compared to the control
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Table 1. Characteristics of the experimental groups studied
Short-term diabetes Long-term diabetes
5-week 6-month
Control 4-day diabetic diabetic Control
— —
values (Table 1). Weight gain was substantially impaired in
diabetic animals. Acute diabetes in the 4d-D group was associated
with significant weight loss. Animals in the long-term diabetic
group (6m-D) remained normotensive but had significant protein-
uria, whether expressed as excretion rate or factored per unit
urinary creatinine (Table 1). Basal glomerular size, according to
the VQ() values obtained in incubated glomeruli, increased with
the age of the animal and thus, rats in the 6-month control group
had a VUO that was 10% greater than in the younger control
group. Diabetic-induced glomerular hypertrophy, as evidenced by
the increase in V0() compared to age-matched controls, was only
demonstrated in 6m-D animals (Table 1). Interestingly, as shown
by the significantly smaller VGO in 4d-D animals, there was an
early and transient decrease in basal glomerular size following the
induction of diabetes.
Pressure-induced glomerular distention
All control and diabetic glomeruli studied demonstrated a
progressive increase in V0 as PIP was raised, so that glomerular
distention was readily evident as the higher levels of PIP tested
were approached during glomerular perfusion (Fig. 1). The
glomerular expansion observed in individual glomeruli at 100 mm
Hg PIP ranged between V increases of 36 and 120% over the
value of V00. Because the pressure/volume correlation obtained
during perfusions with control perfusate was frequently curvilin-
ear, the area under the curve defining this relationship, that is, the
mean V0 (0-100) increase, was considered the best parameter to
quantify glomerular expansion (Fig. 2). In individual glomeruli,
this value often increased after abolishing cell tone by addition of
ANP to the perfusate. However, in this instance the pressure/
volume relationship was consistently linear at PIPs above 5 to 10
mm Hg (r = 0.983 0.040, N = 199). Therefore, the volume
expansion allowed by the passive component of glomerular stiff-
ness was considered to be accurately defined by the slope of the
pressure/volume linear regression, that is, glomerular compliance
(Fig. 2).
In controls, basal glomerular size and distensibility increased
with the age of the animal as demonstrated by a significantly
increased compliance (short-term control, 5247 211, N = 43;
long-term control, 6027 253 sm3/mm Hg, N = 39, P < 0.001).
The initial analysis of glomerular distensibility in all groups
demonstrated that the degree of expansion during perfusion with
control perfusate was markedly modified by the basal glomerular
size. In separate glomeruli, V0)10)) demonstrated a significantly
positive and linear relationship with the corresponding V00 (r =
0.353, N = 205, P < 0.001). In addition, the level of compliance,
also demonstrated a positive linear correlation with V(,0 which
was highly significant (r = 0.559, N = 199, P < 0.001). Therefore,
it is apparent that glomerular distention is influenced by the basal
glomerular size and thus, the intrinsic elastic properties of gb-
meruli may be evaluated only following normalization of
and compliance values for differences in V00.
Glomerular distention in short- and long-term diabetes
As compared to controls, the absolute V(;(0_100) increase
during control perfusions was unchanged in short-term (control,
577 31,N= 44;4d-D,573 30,N= 31;5w-D,584 29 X i0
tm3, N = 40) and long-term diabetes (control, 593 29, N = 41;
6m-D, 638 28 X i0 m3, N = 49). Expressed as a percent
increase over V00, there was also little difference between groups
(short-term control, 36.5 2.0; 4d-D, 41.8 1.7; 5w-D, 36.5
2.0; long-term control, 33.4 1.5; 6m-D, 32.6 1.3%). Although
this percent increase reached significance in the 4d-D group (P =
0.044), this was not confirmed when results were normalized for
differences in V(;() by ANCOVA (P = 0.52). Paired comparisons
between volume expansion during control and ANP perfusions in
ND ND ND
Initial body weight g 229 4.9 282 4.0 233 6.4 166 3.2 199.5 4.0N=44 N=31 N=40 N=41 N=49
Body weight change" g 57.1 4.1 —32.3 1.6° 6.2 5.1° 195 6.3 123 7.3°N=44 N=31 N=40 N=41 N=49
Mean blood glucose5 mg/IOO ml 117 1.6 351 13.3° 334 7.4° 96.6 9.5° 324 8.7°
N=44 N=28 N=40 N=5 JV=49
Systolic arterial pressured mm Hg ND ND ND 114 1.8 110 1.2N=5 N=5
Protein excretion"
pg/mm 194 14 382 7&'
mg/mg creatinine 19.8 1.9 47.7 II.5N=8 N=6
Basal glomerular volume 1O6 1.621 0.045 1.378 0.046 1.635 0.056 1.804 0.055k 1.974 0047g
)< pm3
-__N =44
-
N =31 N =40 N = 4t N =49
Values are mean so; ND, not done.
"Difference between weight at the time of streptozotocin injection (diabetic) or saline (control) and that at the time of the experiment
Calculated from 2—4 (short-term diabetes) or 6—8 (long-term diabetes) separate measurements in each rat, except in controls in which only one
measurement was done at the end of the experimental period
Obtained in randomly selected animals
d Obtained in the glomeruli used in perfusion experiments while incubated at 37°C. One glomerulus was measured per rat. Each individual value
represents the mean volume of two measurements done at zero pressure, one preceeding and another following perfusions with control perfusate.
°P < P = 0.002, sp = 0.014, P = 0.011, vs. control
P = 0.002, vs. short-term control
7316 tm3/mm Hg
additional volume increase,
(•,ANP perfusion):
86 x 1 3 J.m3/mm Hg
2.7
2.3
1 .9
Mean vo'ume increase,
(0, control perfusion):
599 x io3 .tm3fmm Hg
1 .5
0 20 40 60 80 100
Proximal intraglomerular pressure [PIP], mm Hg
0 20 40 60
Mean transcapillary pressure difference, mm Hg
Fig. 1. Glomerular distention during micropeifusion. A representative ex-
ample of change in glomerular volume with increased intraglomerular
pressure is shown in a glomerulus from the renal cortex of a short-term
diabetic animal (4-days after streptozotocin injection). After microdissec-
tion, the afferent arteriole (Out of focus) was cannulated for perfusion and
measurement of proximal intraglomerular pressure (PIP). Glomerular
basal volume and capillary lumina at zero PIP (A) were visibly increased
during perfusion at 90 mm Hg PIP (B). Bar scale 50 j.rm.
individual glomeruli demonstrated additional increases in V
G(O—IlJO)
following the addition of ANP to the perfusate in 4d-D (5.6
1.9%, N = 31, P = 0.011), 6m-D (7.7 2.6%, N = 48, P = 0.003)
and long-term controls (10.0 1.5%, N = 39, P < 0.001).
However, as compared to their corresponding controls, in diabetic
groups the addition of ANP to the perfusate resulted in significant
changes only in acute diabetes (P = 0.002), suggesting a small but
significant enhancement of cell tone contributing to the mainte-
nance of overall glomerular rigidity in this group.
Compliance was significantly increased in both 4d-D and 6m-D,
as compared to their corresponding controls (Fig. 3). Expression
of compliance values as a percent of V00 again resulted in a
significantly increased compliance in 4d-D animals (Fig. 3).
Further, normalization of compliance results for differences in
Fig. 2. Assessment of glomerular biomechanics. Results of glomerular
volume (V0) increase over basal values (V00) during perfusion at different
proximal intraglomerular pressures (PIP) are presented to illustrate the
calculation of biomechanical data. The areas under the curves defining the
PIP/V0 relationship during perfusion with control (0) and atrial natri-
uretic peptide (ANP)-containing perfusates (•) are used to calculate
mean V0 expansion under basal conditions and after abolishing cell tone,
respectively. Compliance was expressed as the slope of the linear relation-
ship of PIP/(V0—V00) over the 10 to 95 mm Hg PIP range during ANP
perfusion. The study was carried out in an isolated glomerulus of a
short-term diabetic animal (4-days after streptozotocin injection).
VGO between groups by ANCOVA also demonstrated that this
increase was significant (P < 0.001). However, after these adjust-
ments of compliance for V00 were carried out in 6m-D glomeruli,
differences between control and diabetic groups were not evident
(Fig. 3), Analysis of the relationship between VGO and the level of
compliance in individual glomeruli in the short-term diabetic and
control groups demonstrated a shift to the compliance/V00 cor-
relation towards glomeruli of smaller volume in the 4d-D group
(Fig. 4). This is, at all levels of basal size, glomeruli of 4d-D
animals presented a higher compliance than glomeruli from
control or 5w-D animals.
Glucose concentration and collagen metabolism in mesangial cells
subjected to mechanical strain
How glomerular distention in diabetes may alter extracellular
matrix metabolism in the stretched glomerular cells was studied in
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Fig. 3. Changes in glomerular compliance after the induction of diabetes.
Glomerular compliance was measured in animals at different intervals
after the injection of streptozotocin and results compared to those
obtained in age-matched controls. Experimental groups included animals
with acute (4 days), short-term (5 weeks) and long-term diabetes (6
months). Unadjusted results (A) and results corrected for differences in
basal glomerular volume (B) are presented. Values are means SE; the
level of statistical significance of differences between groups is indicated.
The number of glomeruli studied in each group is presented within the
corresponding bars.
cultured mesangial cells subjected to cyclic stretch/relaxation
while exposed to high extracellular glucose concentrations. The
radiolabeling methods used permitted the simultaneous measure-
ment of protein and total collagen synthesis and an assessment of
collagen turnover rate in the same culture plate. In the mesangial
cell cultures studied, collagen catabolism was approximately 67%
of the total amount synthesized while the quantity appearing as
collagen secreted into the medium vastly exceeded that deposited
in the cell layer (approximately 30 vs. 2% of the total synthesized).
Omission of p-aminopropionitrile (an inhibitor of lysirie derived
covalent crosslinking) from the radiolabeling medium only in-
creased the amount of collagen deposited in the cell layer from 2
to 8% of the total synthesized, not influencing significantly the
results (not shown). In a low glucose concentration (8 mM),
stretched mesangial cells markedly increased (50%) total collagen
synthesis as compared similar cells cultured under static condi-
tions (Fig. 5). However, this change was associated with a similarly
enhanced net catabolism of collagen and a greater fraction of
newly formed collagen being broken down (Fig. 5). Since synthesis
I I
0.5 1 1.5 2 2.5
Basal glomerular volume at zero pressure [VGO]
106x urn3
Fig. 4. Relationship between compliance and basal glonserular size in acute
and short-term diabetes. Compliance and basal volume (V00) were com-
pared in glomeruli from diabetic animals and age-matched controls. The
results, plotted separately for each glomerulus, are presented. The linear
correlations of compliance/V00 shown are for animals with acute diabetes
(4 days, r = 0.491, P = 0.005, •), short-term diabetes (5 weeks, r = 0.664,
P < 0.001, A) and controls (r = 0.599, P < 0.001, 0).
and catabolism increased equivalently, there was no net accumu-
lation of collagen in the incubation medium or in the cell layer.
A 6-day incubation in high glucose (35 mM) had little effect in
static cultures but dramatically altered the metabolic response to
stretch (Fig. 5). The high glucose concentration caused a signifi-
cant degree of cell hypertrophy in static cells, but insignificantly
changed the synthesis and catabolism of collagen. In addition,
although a small but significant increase in the fraction of the
newly formed collagen being catabolized was observed, the
amount of collagen accumulated in the medium or cell layer
remained unchanged. In stretched cultures, the short-term expo-
sure to high glucose concentration resulted in a greater cell
hypertrophy and it also induced increases in collagen synthesis
and breakdown. However, in contrast to cultures stretched in 8
m glucose, synthesis now outpaced catabolism while the collagen
catabolic fraction remained the same. Therefore, a significant 21
and 23% net accumulation of collagen occurred in the incubation
medium and cell layer, respectively (Fig. 5).
Contrary to the effects of short-term exposure, mesangial cells
cultured under static conditions in high glucose concentration for
14 days, demonstrated marked alterations in collagen metabolism
(Table 2). As compared to cells grown in low glucose concentra-
tion, long-term exposure caused striking increases in total colla-
gen synthesis and collagen catabolism, in addition to a significant
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Fig. 5. Effects of short-term exposure to high glucose concentration on cell hypertrophy and collagen metabolism in static or cyclicly stretched cultures of
mesangial cells. Mesangial cell cultures, continuously grown in 8 m glucose or exposed to 35 mivi glucose for a total of six days, were studied under static
control conditions (open bars) or while subjected to cyclic stretch (shaded bars) for the last five days of the experiment. Cell hypertrophy was assessed
by the RNA/DNA ratio. Collagen metabolism was studied according to the 72-hour incorporation of proline into newly formed hydroxyproline. Values
are means su, N = 6 in all groups. The level of statistical significance of differences between groups is indicated. A. Total collagen synthesis; B.
Collagen catabolism; C. Medium collagen accumulation; D. Cell hypertrophy; E. Collagen catabolic fraction; F. Cell layer collagen accumulation.
cell hypertrophy. Because the net change in synthesis exceeded
that in catabolism, and the catabolic fraction of newly formed
collagen remained unaltered, the amount of collagen that accu-
mulated in the medium, but not in the cell layer, increased
significantly (31 and 9%, respectively). In addition, the fraction of
total protein formed appearing as accumulated collagen increased
significantly (Table 2). Stretching mesangial cells at high glucose
concentration for long periods, magnified all the metabolic
changes seen in static cultures. Therefore, total collagen synthesis
and catabolism were further augmented to levels significantly
different than those observed in 35 m glucose static cultures
(Table 2). Similarly, because the absolute amount of collagen
formed exceeded the quantity catabolized, and the catabolic
fraction was only slightly increased, the net accumulation of
collagen in the medium and cell layer now surpassed the high
values already attained in static 35 m glucose cultures (64 and
25% greater than 8 m glucose static cultures, respectively). In
addition, the fraction of total protein formed corresponding to
accumulated collagen was also increased further. Measurement of
collagen accumulation in the medium, according to the incorpo-
ration of proline into collagenase-sensitive protein, yielded virtu-
ally the same results (Table 2).
The effects of stretch in low glucose cultures, high glucose in
static cultures and high glucose in stretched cultures were con-
firmed in three, two and three additional experiments, respec-
tively.
Discussion
The increased intracapillary hydrostatic pressure, elevated cap-
illary wall tension or the fluid shear stress from increased blood
flow may all stimulate the net synthesis of extracellular matrix in
human and experimental diabetes. Histopathological differences
notwithstanding, the remnant kidney has often been used as the
experimental model to explain how these alterations may exert
their effect in the diabetic glomerulus. One mechanism by which
increased PGC may cause glomeruloscierosis is by promoting the
mesangial uptake of macromolecules. Indeed, the focal sclerosis
seen in the remnant kidney and in aminonucleoside nephrosis has
been thought to derive from this etiology [36, 37]. Later studies,
however, have not substantiated the presence of an abnormal
mesangial clearance of macromolecules or its relationship to the
development of sclerosis [38, 39]. The metabolic stimulation of
mesangial cells in remnant kidney glomeruli may be mediated by
activated endothelial cells [40]. According to this postulate,
elevated intracapillary pressure or fluid shear stress elicits endo-
thelial cell overexpression of angiotensinogen, local generation of
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Table 2. Effect of cyclic mechanical stretch on mesangial cell collagen metabolism after a long-term exposure to high glucose concentrationa
Sta
8mM
tic
35mM
Flexed
35mM
Total collagen synthesis (praline incorporated into hydroxyproline; nmol/mg DNA) 184.2 6.3 241.7 18.6
bp = 0.018
307.4 17.8
"P= 0.008
dp < 0.001
RNAIDNA pg/mg 211.8 12.6 262.2 7.4bp0016
292.2 17.5
"P<o.ooi
dp < 0.001
Collagen catabolism (proline incorporated into
medium's free hydroxyproline; nmol/mg DNA)
90.0 4.0 118.3 10.2
bp = 0.040
155.0 10.7
= 0.010
ip < 0.001
Collagen catabolic fraction (percent of the total synthetized hydroxyproline
appearing in the medium as free amino acid)
48.8 0.86 48.8 1.2
hp 0.9
50.3 1.4
= 0.4
dp = 0.3
Medium collagen accumulation (praline incorporated into protein-
associated hydroxyproline; nmol/mg DNA)
88.3 3.0 117.0 8.8
'P = 0.014
145.0 8.5
"P = 0.016
dp < 0.001
Medium collagen accumulation (praline incorporated into collagenase-sensitive
protein; nmol/mg DNA)
93.2 3.4 129.1 5.4
hp = 0.012
154.0 13.9
"P = 0.065
dP = 0.012
Cell layer collagen accumulation (proline incorporated into
protein- associated hydroxyproline; nmol/mg DNA)
5.91 0.39 6.44 0.29
"P = 0.3
7.38 0.37
Cp = 0.077
dP = 0.009
Fraction of total protein formed corresponding to collagen
accumulated in medium and cell layer %
1.504 0.054 1.706 0.073
"P = 0.027
1.840 0.045
cp = 0.1
dp < 0.001
Data correspond to metabolic events over the last 72 hours of culture. N = 2 in all groups.
aCells grown in static conditions in 8 mu glucose medium were used as controls. Cells long-term exposed to high glucose concentration were grown
in 35 mrvi glucose for 14 days, continuously under static conditions or with addition of cyclic mechanical stretch during the last 5 days of the experiment.
"vs. 8 mrvi static control cultures
"vs. 35 mu static cultures
d vs. 8 m static control cultures
angiotensin II and the induction of transforming growth factor-f31
(TGF-pl). In a paracrine effect, TGF-/3 would then stimulate the
production of excessive amounts of extracellular matrix by neigh-
boring mesangial cells.
We propose that pressure-induced distention of the glomerulus
with consequent stretching of mesangial cells acts to initiate and
perpetuate the accumulation of extracellular matrix in the mes-
angium of the diabetic glomerulus. To demonstrate this, an
examination of the pressure/volume relationship has been carried
out in the isolated perfused glomerulus under conditions designed
to obtain optimal cell viability [10]. Using these techniques, we
have previously shown that the glomerular stiffness opposing the
pressure-induced glomerular distention results from the effect of
passive and active components [10]. The passive component,
related to the elastic characteristics of the glomerular skeleton,
depends on the biochemical composition, density and distribution
of the extracellular matrix. The active component, represented by
the properties of the glomerular contractile apparatus, is presum-
ably dependent on mesangial cell tone, and thus modified by the
action of vasoactive substances. Glomerular distention is, obvi-
ously, determined by the presence of capillary wall tension, as
defined by the product of the intracapillary hydrostatic pressure
and the radius of the lumen (LaPlace's principle). Therefore, for
the same capillary pressure, large glomeruli will experience
greater capillary wall tension than small glomeruli if glomerular
size and capillary radius increase proportionately, as occurs during
normal renal growth in the rat [41]. Consistent with this, glomeruli
from the long-term control group demonstrated a significantly
greater compliance and a larger basal glomerular size as com-
pared to the younger control group (Table I and Fig. 3). In
addition, for all groups, the degree of VG expansion and compli-
ance in individual glomeruli were directly related to the corre-
sponding basal glomerular size. Because glomerular size varies
over a wide range in the same animal [10, 22], the injurious
mechanical effects of an increased intraglomerular pressure are
expected to be dissimilar in different glomerular populations,
causing lesions of dissimilar intensity across the renal cortex.
The mean glomerular volume expansion observed during per-
fusion with control perfusate was not different in any of the
diabetic groups as compared to controls. However, as shown by
the increased expansion in the presence of ANP, cellular tone
significantly limited glomerular distention in acute diabetes. This
enhanced cell tone is probably related to the increased expression
of specific contractile proteins observed in mesangial cells shortly
after the induction of experimental diabetes [42]. The increased
cell tone may, at least in part, also account for the smaller basal
glomerular volume in 4d-D animals. Cell tone was also a signifi-
cant component of glomerular stiffness in long-term diabetic
animals, however, its contribution was not different from that
observed in age-matched controls. The passive component of
glomerular stiffness, measured as glomerular compliance during
ANP perfusion, was significantly altered in acute and long-term
diabetes but with important differences between the two. In acute
diabetes, once mesangial cell tone was abolished, glomeruli were
more compliant, whether or not compliance was normalized for
basal glomerular size. This suggests the development of a change
in the intrinsic mechanical properties of the glomerular skeleton
shortly after the onset of the disease, but the causes for this
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change are not apparent. Although an acute toxic effect of
streptozotocin cannot entirely be ruled out, previous electronmi-
croscopical studies have demonstrated a fully preserved glomer-
ular structure following administration of this drug in rats [43, 44].
In contrast to acute diabetes, normalization of compliance values
for the increased basal glomerular size in long-term diabetic
animals resulted in an elasticity not different from that in age-
matched controls. This indicates that, contrary to tendons and
other structures rich in collagen Type I, prolonged hyperglycemia
does not result in increased stiffness of the glomerular extracel-
lular matrix. Therefore, after the development of glomerular
hypertension, glomeruli of long-term diabetic animals will be as
prone to distention as normal glomeruli because neither changes
in cellular tone or extracellular matrix increase the rigidity of
diabetic glomeruli above values in age-matched controls.
Under normal conditions, a precise adjustment in afferent
arteriolar resistance provides excellent autoregulatory control of
intraglomerular pressure [45, 46]. In diabetes, however, there is
afferent arteriolar vasodilation with impaired contractile respon-
siveness to norepinephrine and increased systemic perfusion
pressures, while efferent arteriolar constriction is unchanged [47,
48]. This aberrant autoregulation permits the intraglomerular
build-up of pressure, and the free transmission into glomerular
capillaries of the systemic arterial pressure and its wide moment-
to-moment oscillations [49], undoubtedly resulting in recurrent
periods of exaggerated glomerular distention. It is uncertain if
capillary radius and, thus, wall tension, are elevated for any given
degree of PGC in the hypertrophic glomeruli of long-term diabe-
tes. Because the glomerular enlargement of long-term diabetes
appears to be mainly related to the formation of new capillaries of
normal diameter [13], it is probable that diabetic glomerular
hypertrophy per se does not entail a greater susceptibility to
hypertensive mechanical injury.
An ambient of high glucose concentration enhances the forma-
tion of extracellular matrix as demonstrated by augmented secre-
tion of fibronectin, laminin and type I and IV collagens as well as
overexpression of their respective steady-state mRNA levels [17,
18, 20, 21, 50, 51]. This effect is mediated, at least in part, by
protein kinase C (PKC) activation and is primarily due to an
increase in gene transcription rate [18, 19]. In addition, glucose
action is dose- and time-dependent, not influenced by the pres-
ence of physiological or pharmacological concentrations of insulin
and unrelated to an osmotic effect [19, 20]. Finally, it has been
suggested that only specific cell types may respond to high glucose
concentration and utilization with increased extracellular matrix
production [20].
In this study, collagen metabolism was assessed by the utiliza-
tion and metabolic disposition of proline. The validity of mea-
surements of collagen synthesis and catabolism obtained by
proline incorporation rates into newly formed hydroxyproline has
been well established [52, 531. The results in the current study
clearly demonstrate the need to simultaneously determine syn-
thetic and catabolic rates to understand the basic metabolic
changes altering net collagen accumulation rates. In all the
experiments performed, a large proportion of the newly formed
collagen was measured as breakdown products. This highlights the
pivotal importance of collagen catabolism, and the complex
enzymatic system controlling its activity [54—56] in determining
the final net collagen accumulation in mesangial cell cultures.
Previous studies have demonstrated that continuous mechanical
stretch/relaxation of mesangial cells increases the rate of total
collagen synthesis and the accumulation of collagen Type I,
collagen Type IV, fibronectin and laminin in the culture medium
[6, 8]. This stretch-induced increased production of extracellular
matrix components, like the similar effects induced by glucose, is
also preceded by PKC activation [9, 571. Because long-term
culture of mesangial cells is difficult when the growth medium
contains physiological concentrations of glucose (5 mM) [17], all
these previous studies were carried out in media with the "stan-
dard" RPMI 1640 glucose concentration of 11 m or even higher
levels. In the current study, however, the effect of prolonged
stretch/relaxation on the metabolism of total collagen and protein
was evaluated in cells maintained in an 8 m glucose growth
medium or exposed to a 35 m concentration for different periods
before the application of the mechanical stimulus. The results
obtained clearly demonstrate a strong influence of the ambient
glucose concentration on the metabolic response to mechanical
strain.
In conditions of low glucose concentration, both synthesis and
catabolism were increased by mesangial cell stretch with a greater
fraction of the newly formed collagen being catabolized. Hence,
contrary to previous studies carried out at higher glucose concen-
trations, stretch did not result in collagen accumulation in the
medium or in the cell layer. Under static conditions, the 6-day
exposure to a high glucose concentration caused significant mes-
angial cell hypertrophy but minimal change in collagen metabo-
lism. Results by others have shown a stimulation of extracellular
matrix formation at this period of incubation in high glucose [18,
20, 50]. Although the reasons for this time difference are unclear,
a likely possibility is that culture surface differences, such as
uncoated plastic versus elastin-coated rubber membrane, modify
the time course of the metabolic response. In any event, when
these cultures were subjected to mechanical stretch, there was an
increase in synthesis and catabolism above the levels in stretched
cultures maintained in low glucose concentration. Most impor-
tantly, because the catabolic fraction remained unchanged, there
was a net accretion of collagen in both medium and cell layer.
The long-term exposure of mesangial cells in static culture to
high glucose concentrations induced, in addition to cell hypertro-
phy, significant increases in collagen synthesis and breakdown.
Due to the preponderance of the synthetic enhancement and
unchanged catabolic fraction of newly formed collagen, there was
a net significant collagen accumulation in the medium. This
accumulation exceeded that of total protein, suggesting that the
metabolic change was not part of a uniform amplification in
protein synthesis and accumulation. After the long-term exposure
to high glucose concentration, mechanical stretch of these mes-
angial cells markedly augmented all the metabolic alterations
induced by glucose, resulting in collagen accumulation in both the
medium and cell layer far exceeding that observed in similar cells
cultured under static conditions (Table 2). Therefore, mechanical
strain and an environment of high glucose concentration cause
similar alterations in extracellular matrix metabolism so that the
coincidence of both stimuli leads to the accelerated formation and
deposition of extracellular matrix material. In addition, this
suggests that high glucose and mechanical strain may share
pathways for the stimulation of extracellular matrix synthesis,
particularly PKC activation. Further, specific mechanisms ampli-
fying the metabolic response may also be common to both stimuli.
For example, there is evidence of enhanced autocrine TGF-f3
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activity in mesangial cells as a result of both a high glucose
concentration and a persistent mechanical strain [49, 58].
This study has not explored a possible metabolic response of
glomerular visceral epithelial cells to mechanical strain. If stimu-
lated to form extracellular matrix by stretch in a high glucose
environment, it is possible that these cells may significantly
contribute to the thickening of the basement membrane in
diabetes. Stretch of podocytes during glomerular distention is
inevitable due to the disposition of their interdigitating processes
enveloping the entire urinary side of the capillary basement
membrane. Further, because processes from the same cell com-
monly extend over the surface of two or more neighboring
capillaries, the degree of stretch during capillary dilation could be
at least as intense as in mesangial cells [59, 601. However, there
are no studies available on the effects of mechanical strain in
glomerular epithelial cells in culture.
Hypertension-induced glomerular distention and alterations in
the metabolism of extracellular matrix due to mesangial cell
mechanical strain are expected to occur in both the remnant
kidney and in diabetes and to play an important pathogenetic role.
However, there are distinct differences in these two conditions
which may affect the rate of extracellular matrix deposition.
Remnant glomeruli become 59% more compliant due to both
their increased size (37%) and altered biomechanical properties
(22%) and, therefore, for any given pressure, mesangial cells will
be subjected to an intense mechanical strain [101. In contrast,
diabetic glomeruli, except for the initial and advanced stages of
the disease (16 and 14% more compliant, respectively), largely
retain their normal biomechanical characteristics, but metabolic
aberrations resulting from any given degree of mechanical strain
will be magnified in a milieu of high glucose concentration.
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